The use of less conventional methods of virus preparation for electron microscopy (i.e. freeze-drying and freeze-etching) showed that the influenza virus particles are more uniform than has generally been assumed. Their shape resembles an icosahedron with an average 'diameter' of 1o8o 3,. The surface projections (spikes) are arranged mostly in equilateral triangles, often building hexons and, in a few cases, pentons as well. Freeze-etching revealed the inside of some particles, particularly in the case of long filaments. We arrived at the following general concept of virus structure: the nucleoprotein coil, either cylindrical or spherical, is enveloped by a membrane bearing spiky macromolecules, probably of different structure and function. The membrane with spikes is called the envelope. The centre-to-centre distance of the spikes ranges from 70 to 9o ~, depending on the mode of preparation for electron microscopy. The innermost space of the virus particle is probably filled with a liquid, as is apparent from the change in form after normal drying and also from freeze-etching.
INTRODUCTION
Conventional techniques of shadowing and negative staining lead to the general conclusion that influenza viruses are spherical or cylindrical particles with a great tendency to pleomorphism (Almeida & Waterson, I967; Hoyle, 1968 ) . Their surface is covered with spiky projections whose hexagonal arrangement has already been described (Almeida & Waterson, I967; Archetti, ~967) . However, both methods can introduce drying artifacts when performed in the ordinary way. For this reason we applied freeze-drying and freeze-etching techniques to the study of influenza particles.
METHODS
Virus strain. A2-SINGAPORE was cultivated in the allantoic cavity of chick embryos, purified by repeated adsorption-elutiou techniques, concentrated by centrifugation and stored with antibiotics (A) or with o. ~ % sodium azide (B) at 4 ° for about 3 months before use.
Negative staining was performed successively, i.e. the virus suspension was first adsorbed on the film, and then stain was applied. Two per cent phosphotungstic acid (PTA), adjusted to pH 5"o, 6% 7"o, 7"5 or 8-o and 3 % ammonium molybdate (AM) pH 6"7 were used alternatively. Holey formvar films covered with a carbon membrane or carboned full formvar films were used throughout.
Freeze-drying was done with a Balzers's freeze-etching device. Specimens were either shadowed with carbon-platinum at an angle of about 3o ° or were negatively stained just before freezing. A detailed description of this procedure will be given elsewhere (M. V. Nermut & H. Frank, in preparation) .
Freeze-etching. The virus suspension was concentrated by centrifugation and the pellet was mixed with a remaining drop of liquid and transferred on to the golden plate and frozen in Freon 22 followed by liquid nitrogen. No protective substances were added since preliminary experiments with glycerol or glycol proved unsuccessful. The fine structure of the virus surface was not seen as clearly as without those substances. The same result was obtained with fixatives such as glutaraldehyde or osmium tetroxide. Etching was done at -IOO ° for I or 3 min. or at -8o ° for I'5 rain. Replicas were cleaned with 7o% sulphuric acid (3 hr or even more) and sodium hypochlorite (Eau de Javelle I hr). Shadowing was done with either Pt/C (6 cm. o.I ram. platinum wire) or Ta/W (I5 ~ thick layer) using an electron gun constructed in Balzers' Laboratories (Balzers AG, Liechtenstein).
In some experiments the virus pellet was treated with 8 M-urea, pH 6"o, for 6o rain. or o'o2 % trypsin, pH 7"5 (Serva, 2 x cryst.) for Io hr and frozen without removing the reagents.
Electron microscopy. Specimens were observed with a Siemens Elmiskop IA electron microscope and photographed at an instrumental magnification of 4o,ooo and 8o kv high voltage. The real magnification was read from a calibration curve constructed as described by Frank & Day (197o) .
Agar filtration was done according to the description by Kellenberger & Arber (I957). Measurement of particle diameter or spike distance was performed on negatives using a binocular dissecting microscope and a transparent scale.
Shape of virus particles R E S U L T S
Negative staining of the virus suspension stored without azide (A) displayed a rather pleomorphic population of particles (Fig. I a) . Some particles were broken so that the nucleoprotein coil was clearly seen. Nevertheless, some of the large formations obviously arose through coalescence of several spherical particles. The suspension B stored with azide presented a more uniform picture. The particles were approximately spherical in shape and their diameter did not vary significantly. However, careful examination of the electron micrographs showed that some of the particles are not true spheres but solids with a hexagonal or sometimes even pentagonal outline (Fig. I b) . This difference in shape between both types of preparation diminished substantially after freeze-drying. In both cases the particles showed either an almost circular or hexagonal or even pentagonal circumference (Fig. I c) . Their surface was clearly seen (after negative staining) and was very similar to particles stained by conventional procedures. The polygonal shape of the viruses was probably not caused by close packing of particles. It has also been found with several free-lying ones (Fig. I d) . More convincing results with regard to the shape were obtained when frozen-dried preparations were shadow-cast (Fig. 2a) . The particles were much higher than when prepared with the agar filtration technique (Fig. 2b) , and their shadow did not correspond to spherical particles. Moreover, it was very similar to the shadow obtained with a model of an icosahedron (Fig. 2a, right) .
Very similar results were observed after freeze-etching. There was no substantial difference between suspensions A and B. The particles had a rather uniform size and shape, even though some large spheres or long filaments were also found. Most virus particles demonstrated hexagonal or almost spherical shape (Fig. 3a) . Freeze-etching and freeze-drying of influenza virus 39 F r o m the described observations it appears that the so-called 'marked pleomorphism' of influenza viruses is for the most part brought about by the storing of the culture and mode of preparation for electron microscopy. Moreover, it is probable that the influenza virus particles are not true spheres but polyhedrons. In any case, they are isodiametrica! and angular. 
Size of virus particles
Suspension B was used for measuring the diameter of particles. For this purpose the particles were considered to be spheres and the middle diameter was taken. This applied particularly to hexagonal particles where the difference between corner-to-corner and edge-to-edge distance was rather large.
Preparation A was not suitable for this type of measurement owing to the high degree of pleomorphism after normal negative staining. However, measurement was possible after freeze-drying or freeze-etching and the data obtained were included with those presented in Table 1 . The difference in diameter between normal negative staining and agar filtration on one hand and freeze-drying and negative staining or shadowing on the other hand is considerable. However, the difference between freeze-drying and freeze-etching is small, particularly if the modal diameter is compared.
From the frozen-dried and negatively stained specimens it was possible to establish the length of the spikes. From IO2 measurements the average length was 1 Io ~. 
Surface of virus particles
The best demonstration of the spiky surface was obtained with PTA, pH 5"0 or 6.0. The spikes were seen better in preparation A than in B and more clearly on large particles than on small ones (in A). This is understandable since the large particles collapse during drying so that their surface is parallel to the supporting film. (This is not the case with small spheres or after freeze-drying.) It is not very difficult to find areas where the spikes are regularly arranged and one can measure the centre-to-centre distances easily. Such a measurement was done with specimens stained by a common procedure, after freeze-drying and also after freeze-etching. The results are summarized in Table 2 . It is conspicuous that no difference was found between normal negative staining and freeze-drying and a relatively large one between negative staining and freeze-etching. It should be mentioned that it was quite difficult to measure the centre-to-centre distance with accuracy after freeze-etching, and that in fact the top distance is measured in frozen-etched preparations, in contrast to the bottom distance in negatively stained preparations. 
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The spikes are mostly arranged in rows so that they form triangles and consequently also hexons. However, such regularity does not continue over the whole surface of the particle. In some cases pentons could be seen after negative staining as well as after freeze-etching (Fig. 3 b, c ). An analysis of the relationship of hexons to pentons will be dealt with in another publication. Generally speaking, freeze-etching confirmed the results obtained by negative staining as far as the surface structure is concerned.
The representation of individual spikes in shadowed preparations was not as good as after negative staining since the space between spikes was filled by platinum. A better exhibition of spikes was expected after Ta/W shadowing, but even after 3 min. etching the spikes were not higher than in platinum-carbon-shadowed specimens (Nermut & Frank, I97O ) . It may be that the space between the spikes is filled with some amorphous material which does not sublime completely.
Internal structure of virus particles
Staining with alkaline PTA makes the membrane of the particles visible (Nermut, I97o) , but the nucleoprotein coil is usually seen only in partially broken or damaged particles, irrespective of the pH of the negative stain (Fig. 3 d) . In our specimens prepared by conventional negative staining, we were able to find and measure I7 virus particles showing helical internal structures. Two types of these elements were observed. In most cases a 'cylindrical helix' of varying length with an outermost diameter of about 600 3` (range from 5o0 to 8oo ~.) was seen. Such cylinders were also found in almost spherical particles (Fig. 3 d) . In larger particles two cylinders were sometimes seen. Less frequently,' spherical' arrangements of the threads, similar to the model by Home & Wildy (I961) were observed (Fig. 4a, b) . The outer diameter in this case was 85o to IOOOX.
The thickness of the individual threads was 7o 3` (range from 6o to 85 X). They were usually very closely packed and only in broken particles were they more loosely arranged. In many cases it was possible to count the number of threads in the helical structure. The following data were obtained: 2I, 9, 9, I2, 8, I2, 12, I2, I2, 7, 9, I8. These results should be completed by an accidental finding of free lying 'cylindrical helixes' in a preparation of an influenza A2 strain rich in filamentous particles. Although it is difficult to decide whether the helixes come from two or more filaments, it is interesting to establish the number of threads in the helixes: 3 o, 6, I8, 25 + 5 (probably interrupted) (Fig. 4 c) . In many threads a central channel is indicated. To check that this was not an artifact of electron interference fringes (Gansler & Nemetschek, t958) , a through-focus series of pictures was taken. Fig.  4d shows a close-to-focus picture, Fig. 4e an underfocused one (-I-2.2 5 #m.). The channel did not disappear in a close-to-focus picture and its inner diameter is about to 3,.
The nucleoprotein helix was always located near the membrane so that the central part of the particle remained 'empty'. The same experience was obtained with frozen-etched preparations, where no structural elements were found in the middle portion of the particles. Moreover, in several cases of broken filaments, an inner hole was clearly seen (see later). In spite of many broken particles examined we were not able to detect the helix of nucleoprotein inside the particles. This was very surprising since the resolution of the shadowcasting should make it possible to see the individual threads of the helix. Three types of broken particles were observed: (a) ' convex' particles where only a part of the surface was removed by the knife so that a smooth cap could be seen surrounded by the spikes (A in Fig. 5a, c) . The thickness of the spiky portion ranged from ~6o to I9O 3`. (b) 'Concave' particles where at least the upper half of the particle was removed so that a concave dish remained surrounded by a collar of spikes (or spikes and membrane) of about 17o 3` thickness (B in Fig. 5b, e) . No signs of helical structure could be found in either case. (c) Shallow 'dishes' where probably the upper two-thirds of the virus particle was removed (C in Fig.  5a to c).
It seems that in the first case only the spikes were removed and what was exposed was the virus membrane. In the concave particles we assume that after removal of the upper half of the particle the liquid material in the centre sublimed leaving behind some salts or amorphous organic material which could fill the space between the coils of the helix. These would then not be visible after platinum shadowing. In many cases of the shallow 'dishes' the virus membrane was presumably also removed since the internal surface of dishes is often covered with' granules' corresponding in shape and size to the spikes (Fig. 7) .
We attempted to support these considerations by several experiments where we treated the viruses with either trypsin or urea. The effect of trypsin was checked by negative staining before freeze-etching, showing that about 9o % of the particles were devoid of spikes. Freeze-etched particles displayed smooth surfaces in most cases (sometimes residual spikes were clearly distinguished), but coarse or fine-granular surfaces were also seen. Unfortunately it is difficult to discriminate between outer and inner surface of virus membrane on such a small area, even when Ta/W shadowing is used.
Treatment with urea was shown to remove the nucleoprotein and some of the spikes leaving behind the intact envelope or membrane (Nermut, t97o ) . After freeze-etching the convex and concave particles were very similar to the untreated ones, only the thickness of the collar was diminished (Fig. 5d) . It was about 8o to IOO i,, which is close to the thickness of virus membrane. This is probably caused by the removal of spikes by urea after prolonged treatment or at least by a weakening of the linkage between the spikes and the membrane resulting in a removal of spikes during fracturing.
Filamentous particles
The virus culture contained a certain number of filamentous particles which were essentially cylindrical with rounded ends and diameters between 64o and 720 ~. The mean diameter of I5 freeze-etched particles was 685 ~. The surface of the filaments was covered with spikes arranged in rows seen either longitudinally or obliquely according to the relative orientation of filaments and the shadowing direction. In some areas hexagonal arrangement of the spikes was clearly seen (Fig. 6 c) . Certainly, one has to take into consideration that we observe a plane projection of a three-dimensional formation so that the spacing is disturbed. Moreover, morphological heterogeneity and a certain plasticity of the spikes can also contribute to distortion of the regular pattern. A deeper analysis of the surface structure is in progress.
Interesting observations were made on broken filaments where the inside could be seen. This showed clearly that the innermost space does not contain any structural elements (Fig. 6b) . The outer diameter of the internal 'tunnel' (black arrows) measured about 46o so that I Io ~, remained for the thickness of the spiky layer which is in accordance with the length of the spikes as established by negative staining. The internal channel (empty space) measured about 300 ~, in diameter (white arrow). We assume that the 'tunnel' represents either the virus membrane or the membrane plus the nucleoprotein coil attached closely to it.
DISCUSSION
The most important and interesting results obtained with freeze-drying and freeze-etching are related to the shape of virus particles. It has been clearly shown that the generally accepted pleomorphism of influenza virus particles is to a great extent a preparation artifact. This does not apply to the large incomplete particles which are found both after negative staining and freeze-etching and which were already described by several authors (e.g. Almeida & Waterson, I969; Blough & Merlie, 197o ) . We think that one should discriminate between a preparation artifact and a storage artifact. It is clear that storage artifacts (broken or swollen particles, coalescent particles, etc.) cannot be removed even by such methods as freeze-drying or freeze-etching. Consequently we sometimes found very large virus particles even after freeze-etching or freeze-drying.
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The diameters of the virus particles in these experiments were distributed in a Gaussian curve and the range was low. However, this was the case only with the azide-stabilized or frozen-etched or frozen-dried preparations. The difference to the normally stained preparation was very conspicuous (Fig. I) . For this reason our virus material cannot be regarded as a special case or selected population brought about by the purification procedure (no density gradient centrifugation was involved in the purification process used).
Frozen-dried preparations showed that the virus particles are in most cases isodiametrical showing often hexagonal or pentagonal outlines. This was more conspicuous after unidirectional shadowing than after negative staining. Here the corners of the particles were not so sharp and distinct as is common in typical icosahedral viruses such as adenoviruses, etc. This is not surprising if we allow for the fact that the envelope is rather plastic (lipoprotein in nature) and covered with a forest of spikes which can also contribute to the distortion of the original shape. Similarly, a skew class of symmetry can also contribute to this phenomenon.
Thus, if the influenza virus particle is an isodiametrical solid and if we exclude an ideal sphere (Fig. 2a) , there is only one possibility left, i.e. an icosahedron. Other platonic solids do not come practically into consideration here. Therefore we propose to characterize the basic form of the studied influenza virus as a 'plastic icosahedron'. Whether this is valid in all influenza virus types cannot be decided at the present time. However, it should be mentioned that 'a hexagonal outline of the elementary bodies' was observed in the DSV strain of influenza virus by Hoyle, Reed & Astbury 0953) after shadowing. Thus it seems that this phenomenon is not limited to our strain of influenza virus.
The' stabilizing' effect of sodium azide deserves more attention. As has been demonstrated by Fig. I a and i b, the culture with azide was much more uniform in size and shape even after a 3 months storage at 4 °. After that period the azide was no longer effective. On the other hand the fine structure of the virus surface was not as clear as without azide.
Hexagonal arrangement of spikes was described in influenza viruses by Archetti et al. (I967) and in fowl plague virus by Almeida & Waterson (I967) , who also found five coordinated spikes randomly arranged. Both negative staining and freeze-etching showed that many spikes have six neighbours, only a few have five. The most important finding obtained with all three techniques is that the distance between spikes is regular and that three spikes form an equilateral triangle. At present it is difficult to determine the relationship between the pentons. This is necessary for correct understanding of the fine structure of influenza virus envelope.
Freeze-etching also revealed the inside of the particles and showed that they are actually vesicles filled with liquid material. Loss of water causes a collapse of the particles which is clearly demonstrated by comparison of frozen-dried and agar-filtered particles (Fig. 2a, b  and 8 ). This is in good agreement with ultrathin sections (Apostolov & Flewett 1969; Kendal, Apostolov & Belyanin, 1969) . It is not easy to interpret structures seen on the broken particles obtained by freeze-etching. B/ichi et al. (1970) indicated that there are at least two possibilities as far as the surface of the convex particles is concerned: it is either the outer surface of the virus membrane or the internal one which is exposed by removal of the upper leaflet of the membrane. This hypothesis presumes that the virus membrane is built up according to the Danielli-Davson model which has not been proved yet (see also Tiffany & Blough, I97o ) . Certainly the hydrophobic bonds between the two leaflets are weaker at low temperature, but similar bonds have been suggested between the spikes and the membranes (Laver & Valentine, ~ 969; Nermut, I97O; Compans & Dimmock, 197o ).
In our material three different types of broken particles were observed and their possible interpretation is schematically shown in Fig. 7 -Experiments with trypsin and urea support our opinion that the fracture plane in most cases is between the spikes and membrane or nucleoprotein and membrane. We do not think it possible to solve this problem at present. The technique of shadowing is still unsatisfactory and does not reveal with certainty differences in thickness of less than 2o *. (2) spikes together with the outer leaflet of the virus membrane were removed; (3) spikes and whole virus membrane were removed. (I) seems to be most probable. B, 'Concave' particle. (t) the bottom of the concavity consists of virus membrane and a nucleoprotein coil" masked' by salts or some amorphous material. (z) the nucleoprotein was removed, the inner surface of virus membrane is seen. C, Shallow 'dish '. (I) the bottom of the dish is made by the inner surface of the virus membrane. (z) virus membrane was removed, internal ends of spikes are exposed. Fig. 8 . Schematic drawing of an influenza virus particle as prepared by freeze-drying (upper part) and by agar-filtration (lower part). VM = virus membrane, SP = spikes, RNP = ribonucleoprotein. Enlarged I : 60o,ooo.
Thus the structural elements of the particles from the outer surface to the centre of the particle are: spikes bearing haemagglutinating and neuraminidase activity, membrane and nucleoprotein (Fig. 8) . It should be mentioned that we did not attempt to discriminate between spikes of different function.
The location of the nucleoprotein helix is another problem. By negative staining it appeared to be near the membrane, though it could not be seen after freeze-etching. Some broken virus filaments indicated that the inner channel is empty, i.e. the central cavity of the particles probably contains salt solution, even though presence of jelly-like material cannot be excluded. It is assumed that the nucleoprotein is either destroyed during the fracturing process or is closely bound to the inner part of the membrane. Unfortunately we did not find any filamentous particles broken normally to the long axis which could clear up this problem.
Our findings support the results of Apostolov & Flewett (1965) and other authors (Home & Wildy, I96I ; Klimenko, I965; Almeida, Waterson & Dreve, ~967) that the nucleoprotein is arranged in the form of a cylindrical or spherical helix with a multiple of three turns. However, the lowest number found has been six.
Almeida & Waterson 0967) proposed to divide viruses into cubical and pleomorphic instead of cubical and helical. Even though we agree with the authors assumption that the myxovirus envelope corresponds functionally to the virus capsid of cubical viruses we feel~ on the basis of our own observations--that the designation 'pleomorphic' should be avoided.
